Linearly bonded triiodide chains with fairly small distance between the adjacent iodine ions feature a facile electron transfer and highly anisotropic properties. Here, we demonstrate a novel strategy towards a new one-dimensional linear triiodide DMEDA·I 6 , using chain-type N,N΄-dimethylethanediamine (DMEDA) cation to coordinate triiodine ions. This triiodide has the shortest distance between adjacent I 3 − and good linearity. An estimated electronic band gap of 1.36 eV indicates its semiconducting properties. 100 fold differences both in polarization-sensitive absorption and effective mass were achieved by simulation, with directions parallel and perpendicular to the a-axis of DMEDA·I6. The DME-DA·I6 single crystal-based photodetectors show a good switching characteristic and a distinct polarization-sensitive photoresponse with linear dichroic photodetection ratio of about 1.9. Strongly anisotropic features and semiconducting properties of DMEDA·I 6 make this triiodide system an interesting candidate for polarization related applications.
INTRODUCTION
Organic metal halide perovskites have drawn much attention in high-performance optoelectronic devices, because of their large absorption coefficient, high defect tolerance, and easy solution processing [1] . These favourable electronic properties are also found in metal-free organic halides, especially in organic polyiodide [2] . Polyiodides with various iodine skeleton dimensionalities and stoichiometries ranging from I 2 − to I 29 − [3] can be obtained by changing the surrounding counterions or organic molecule matrices. Polyiodides have attracted great attention in various application fields because of their fascinating chemical and structural diversity. For instance, the best-studied photochemical system for fundamental research, such as solid-state reactions in condensed-phase chemistry was based on the polyiodide [4] . The others were mainly used as electrolytes and redox mediators for dye-sensitized solar cells or lithium-iodide batteries [5, 6] , or as iodine species for perovskite photovoltaics [7, 8] . Among these polyiodides, the most studied are the triiodides, and more than 500 triiodide structures have been reported [2] . Triiodide ions are commonly stacked in T-shape or zigzag patterns, and a few special triiodides preserve infinite linear I 3 − channels [2, 9] . Recently, researchers have adopted carbon nanotubes [10] or metal-organic frameworks [11] to encapsulate iodine chains, which provide perfect systems for investigating the electron dynamics and couplings along the linear iodine chain. In linear I 3 − chain, the electron-exchange effects are largely influenced by the orbital overlap between the nearest I 3 − ions [12] , and their dichroism is determined by the linear arrangement along the I 3 − ion orientation [13] . In previous ammonium triiodide, (benzamide) 2 ·HI 3 , and caffeine· H 2 O·HI 3 [9] , (dibenzo-18-crown-6)·H 2 O·HI 3 [3] , mostly large cyclic organic molecules or monoamine cations were used as coordinated matrices. In these triiodides, the
3.5 Å) and the arrangement of triiodide ions was largely disordered [2] . In order to improve their linear dichroism and carrier transport properties, a new design concept for linear triiodides is urgently needed.
Here, we use chain-type diamine with suitable length to coordinate I 3 − and to produce a chain of triiodide DMEDA·I 6 . N,N΄-dimethylethanediamine (DMEDA) cation (CH 3 NH 2 CH 2 CH 2 NH 2 CH 3 2+ ) was employed in this study to stabilize the triiodide ions by hydrogen-bond interaction (N-H···I). Strong absorption anisotropy along the directions parallel and perpendicular to the I-I-I chain axis was confirmed experimentally and theoretically. We also explored the photoresponse properties of this triiodide single crystal for polarization-sensitive photodetection (dichroic ratio~1.9), and this unoptimized performance was comparable to some single crystalline perovskite nanowires [14] or two-dimensional (2D) GeAs [15] .
METHODS

Sample fabrication
DMEDA (≥90%) was purchased from Alfa Aesar. HI acid, hexane and I 2 pills were bought from Sinopharm Chemical Reagent Co., Ltd., China. N,N΄-dimethylformamide (DMF, ≥95%) was purchased from Aladdin. All materials and reagents were used as received.
For the preparation of DMEDA·I 6 single crystals, 5 mmol DMEDA and 5 mmol I 2 powder were put into 10 mL of HI acid. Then the temperature was raised to about 120°C and kept at this temperature until all I 2 powder was fully dissolved. Afterwards, the temperature was slowly decreased to initiate crystal growth producing 3×1.5×1 mm 3 size DMEDA·I 6 single crystals. These single crystals were washed with hexane and dried naturally in the air for further characterization. For the preparation of DMEDA·I 6 single crystal wafers, the DMEDA·I 6 single crystals were dissolved in DMF with a concentration of 2 mol L −1 . After the drop of 50 μL DMEDA·I 6 solution between two glass sheets, it was put in oven heated to 100°C to evaporate the solvent and start the growth of the single crystal. The final crystal phase was confirmed by the Raman spectroscopy. The DMEDA·I 6 single crystal wafers prepared by the aforementioned method had some blemishes and cracks, so they were not suitable for pho-todetector application.
Material and device characterization X-ray diffraction (XRD) data of the single crystals were collected using an XtaLAB PRO MM007HF diffractometer at room temperature with Cu Kα radiation. The structure determination and refinement were conducted using Olex2. For the images presented in the manuscript, we used VESTA to visualize the crystal structure. Powder XRD (PXPD) measurements were performed by Philips X'pert PRO MRD diffractometer with Cu Kα radiation. Thermal gravimetric analysis (TGA) was measured by a PerkinElmer Diamond TG/ DTA6300 system with a heating rate of 10°C min −1 from room temperature to 600°C in N 2 flow. The absorption spectra were measured by a UV-vis spectrophotometer (PerkinElmer Instruments, Lambda 950 using integrating sphere). The polarized absorbance spectra were measured by a MSV-5200 microscopic spectrophotometer (JASCO) in absorbance mode. The diameter of in and out circular apertures were both 100 μm. The polarized reflection spectra were measured in a back scattering geometry with 50X achromatic objective lens. In collecting light path, a half-waveplate (HWP) followed with a polarizer was used to get the reflected light intensity in different polarized directions through rotating the HWP, and finally, the light was collected by the Horiba iHR550 imaging spectrometer equipped with a 600 gr mm −1 grating. A depolarized halogen tungsten white light was used as light source. A silver mirror (Daheng Optics, GCC-10220) was used as reference sample to get the calibrated reflection light spectra. For the polarization-Raman measurements, a rotating HWP was placed in the incident light path of the Raman system (Horiba) to get the polarized light in different directions. The excitation laser was 532 nm. To avoid laser-induced sample damage, Raman spectra were recorded at low power levels (~2 µW µm −2 ).
For fabrication of the DMEDA·I 6 photodetectors, Au electrodes were deposited through a mask by the thermal evaporation. Photoresponse characterizations were carried out using an Agilent parameter analyser B1500A. The channels of the single crystal devices were 10 μm. The 365, 395, 430, 490, 530, 590, 780, and 970 nm LEDs (Thorlabs) were used as the light source.
The polarization-sensitive photodetection system with 590 nm LED (Thorlabs M590L3), and a polarizer (Thorlabs, LPVIS050, 550-1550 nm) were used. All photo detection device performance characterizations were done in an optically and electrically sealed box to minimize the electromagnetic disturbance.
Theoretical calculation
All the first-principles calculations were performed within the framework of the density functional theory (DFT) as implemented in VASP. The projector augmented-wave potentials were employed with an energy cutoff of 400 eV for the plane-wave basis set. We used the Perdew Burke Ernzerhof (PBE) form of the generalized gradient approximation to the exchange-correlation potential. All the atomic coordinates were fully relaxed until the force on each atom was smaller than 0.01 eV Å −1 . A 2×2×2 k-mesh in the Brillouin zone was used for the 1×2×1 supercell in calculating the defect properties and the equivalent k-meshes were used for all other calculations. To predict the accurate band gap, the total energy and band structure were also calculated by the hybrid functional with a mixing parameter of 25% (HSE06).
RESULTS AND DISCUSSION
We began our study by choosing DMEDA to synthesize polyiodide (details are shown in Supplementary information). This chain-type DMEDA was selected for its unique N···N distance (3.38 Å) and its entire length (6.25 Å), which were equal to the typical I-I distance and I-I-I length, respectively. Using a simple solution-based growth method as described in the experimental section, we were able to grow large DMEDA·I 6 single crystals which had a metallic luster and cyan hue (Fig. 1a ).
The structures of these crystals were determined by single crystal XRD (SCXRD), and their chemical formulas were determined as DMEDA·I 6 . These triiodides crystallize into the monoclinic space group of I 2/m (12) . The detailed crystalline structure information is provided in Table 1 . In the a axis projection (Fig. 1b) , the structure of DMEDA·I 6 We first studied the fundamental material properties of DMEDA·I 6 . As shown in Fig. 2a , the PXRD pattern of the triiodide agrees well with their simulated PXRD pattern. X-ray photoelectron spectroscopy (XPS) analysis of DMEDA·I 6 single crystals was performed after argon ion etching. The general XPS spectra (Fig. S1 ) confirm the primary elementary compositions of iodine, carbon, and nitrogen. In Fig. 2b , the high-resolution XPS spectrum of iodine shows two major I 3d peaks (I 3d 5/2 and I 3d 3/2 ). After peak separation, the I 3d 5/2 and I 3d 3/2 bands consist of two components, which may directly point to two types of I-I interactions [16] . One is from the typical I − at 618.6 and 630.1 eV (76%), and the other higher binding energies are at 620.0 and 631.6 eV (24%). In Fig. 2c , the optical absorption spectrum of DMEDA·I 6 powder was measured by a UV-vis-NIR spectrophotometer in diffuse reflection mode. The optical bandgap of DMEDA·I 6 was evaluated to be 1.36 eV using a Tauc plot (a plot of (Ahν) 2 as a function of photon energy hν for a direct transition, where A represents the absorbance). As shown in TGA (Fig. 2d ), DMEDA·I 6 is stable up to 136°C. From the differential scanning calorimetry (DSC) analysis, there are two obvious endothermic decomposition processes. The first loss of mass of 60% comes from the evaporation of I 2 (from DMEDA·I 6 to DMEDA·I 2 ), and the latter mainly comes from the loss of DMEDA·I 2 .
To get a better insight into the properties of DMEDA·I 6 , we performed a theoretical investigation based on the DFT calculations. Fig. 3a displays the band structure and partial density of states (pDOS) calculated using the hybrid functional. The calculated band structure shows a direct bandgap of 1.26 eV at K point (0.5, 0, 0.5). The flat band edges indicate relatively heavy holes and electrons. The electrical conduction mechanism of DMEDA·I 6 might be the successive electron transfer between I − and I 2 , resulting in the delocalization of electrons through the crystal. Therefore, the I − and I 2 act as the donor and acceptor, respectively. Meanwhile, the DMEDA 2+ acts as an isolator. As shown in Fig. 3a , the valence band maximum (VBM) and the conduction band minimum (CBM) are both derived from I 5p orbitals. The corresponding partial charge density plots of the VBM and the CBM are also provided in Fig. S2 . Furthermore, the calculated absorption coefficient (α) is about 10 6 cm −1 at around 530 nm, which is comparable to that of CH 3 NH 3 PbI 3 perovskite [1]. Note that the calculated α (Fig. 3b) shows an almost 100-fold difference within the entire visible range, and closely 1000-fold difference at around 530 nm for two absorption directions (//a and a). As listed in Table 2 , the calculated effective masses of holes and electrons along the I-I-I − chain (along the a axis) are 1.69m 0 and 1.48m 0 , respectively, which are about 7 times larger than those in CH 3 NH 3 PbI 3 (m h * =0.29m 0 and m e * =0.23m 0 ) [17] , but are comparable to that of the black phosphorene along G-Y directions (m h * =6.35m 0 and m e * =1.12m 0 , respectively) [18] . The effective masses of holes and electrons along b axis are about 185m 0 and 108m 0 , and along c axis are about 542m 0 and 622m 0 , respectively, which indicates more than 100-fold difference anisotropy in carrier transport characteristics. Then we focused on the anisotropic properties of DMEDA·I 6 . The polarization-resolved reflection spectra were employed to explore its optical anisotropy. The measurement was conducted on the surface of single crystal using unpolarized white illumination, with collecting reflection light intensity in different polarization directions. The reflection spectrum of a silver mirror was used as a reference to calibrate the system. As shown in Fig. 4a , around 530 nm, we can see the reflection of single crystal is~79% parallel to the a axis ( along the direction of I-I-I − chain ), and is~10% in perpendicular to the a axis. This clearly signifies the large reflective anisotropy of these polyiodide complexes.
The polarized absorbance spectrum of DMEDA·I 6 was measured on a microscopic spectrophotometer in absorbance mode. The single crystal wafer used for measurement was about 12 μm thick. The measurement region was within the circle (diameter: 100 μm) marked in the two insets of Fig. 4b . The two inset panels were taken from the single crystal wafer under the polarization light with directions parallel (top panel) and perpendicular (bottom panel) to the a axis, respectively. Here, the 10-fold polarization absorbance difference can reach around the absorption edge, which is less than the theoretical data (~100-fold difference). We also used the polarized Raman spectroscopy to study the anisotropy of DMEDA·I 6 . This polarized Raman characterization is widely used in investigating the anisotropy of 2D materials [15, 18] . Besides, Raman spectroscopy can also be used to investigate the nature of the iodide species in DMEDA·I 6 . The Raman spectra were measured on single crystal sample using the 532 nm excitation laser. As shown in Fig. 4c , the vibrational spectra of the triiodide ion have one asymmetric stretching band of ν 1 at 160 cm −1 with the strongest intensity. The Raman resonance of 321 and 482 cm −1 are assigned to the 2ν 1 and 3ν 1 vibrational mode, respectively. The low-frequency band at around 98 cm −1 can be assigned to the symmetric stretching vibration of I 3 − [19] . As the laser polarization direction rotates with 30°per step, the intensity of the four Raman peaks all change along with the polarization angle with the same sensitivity. Here, we provide the 160 cm −1 peaks at various polarization angles in polar coordinate in Fig. 4d . The anisotropy variation period is 180°. A 100-fold difference in Raman intensities is shown in the polar plot under the laser polarization along and perpendicular to the a axis of crystal. The photoconductive properties of DMEDA·I 6 were studied based on single crystals. As shown in Fig. 5a , at a bias of 1 V, the dark current is as low as 5 pA. Under monochromatic 590 nm light illumination, the photocurrent achieves 1.4 nA under a light power density of 17.2 mW cm −2 , which gives a light-to-dark current ratio of~280. The response of photocurrent to optical pulse was measured at 10 s intervals. The dynamic photo response of the triiodide device shows excellent switching characteristic for its stability on the "on" and "off" state and good ambient stability (Fig. S3 ). From Fig. 5b , we can Fig. S4 . The spectral photoresponse of our photodetector demonstrates its broadband detection capability covering the entire visible range. As shown in Fig. 5c , the linear-polarization test system consists of a 590 nm LED source with depolarized illumination, and a polarizer. Before detection, the light intensity was checked to keep identical as one cycle rotation of the polarizer. The photocurrent of the DMEDA·I 6 single crystal device is plotted in Fig. 5d with light polarization ranging from 0°to 360°with intervals of 20°.
The linear dichroic photodetection ratio defined as I pmax / I pmin is about 1.9. Here, I pmax and I pmin are the maximum and minimum photocurrents detected by rotating the polarizer, respectively. The single crystal measured here is about 200 μm thick. For a photoconductive photodetector, the photoresponse is represented by the product of photogenerated carriers and carrier mobility. In our case, the electrodes are fixed so the charge transfer always occurs along the a-axis, and the photoresponse anisotropy solely originates from the difference in the concentration of photogenerated carriers, which is determined by the absorption. We also measured the polarized absorption spectrum of 18-μm thick single crystal wafers (Fig. S5) . The polarization absorbance difference reduces from 5-fold to about 2-fold when the thickness increases from 12 to 18 μm. That means using thick single crystal (200 μm thick) to fabricate photodetector, the polarization absorbance difference may be very small. Therefore, the linear dichroic photodetection ratio of this triiodide device does not reflect the large linear dichroism of this triiodide as predicted theoreti- cally. We believe that more than 10 times of polarizationsensitive photocurrent can be realized in the future by fabricating optimized-thick single crystalline film.
CONCLUSIONS
In conclusion, we have demonstrated a novel triiodide semiconductor with strong absorption anisotropy, which makes it attractive for polarization-sensitive filters and photodetectors. Chain-type diamine cations (DMEDA  2+ ) have been used to assist the formation of infinite I 3n − chains in single crystals. For the entire visible range, a 100-fold difference in calculated absorption coefficients was obtained between two orthogonal crystallographic axis directions (parallel and perpendicular to the a axis) of DMEDA·I 6 . This excellent polarization-sensitive absorption was confirmed by the angle-resolved Raman spectroscopy and experimentally measured absorbance spectra. Strong anisotropic absorption combined with a good photoresponse should enable their polarization related optoelectronic applications.
